This study assessed the reliability of measurements made by four physical therapists on healthy subject gait data recorded from the Krusen limb load monitor. The five components of step (stance time, time up, time to second peak, and force at the first and second peaks) were analyzed. Six components contributing to gait (ambulation time; velocity; cadence; average swing phase duration, left lower extremity; average swing phase duration, right lower extremity; and ratio of unilateral weight bearing, right lower extremity to left lower extremity) were also analyzed. Intraclass correlation coefficients for the five step components and the gait measures of ambulation time, velocity, and cadence showed high measurement reliability. The other measures of gait showed low intraclass correlation coefficients. The limb load monitor can, therefore, be used by clinicians to measure the five step components and three gait measures (ambulation time, velocity, and cadence) with high measurement reliability.
Documenting quantitative data on the temporal aspects of the stance phase of gait and on components such as cadence, velocity, and duration of swing phase provide a basis for the clinician to assess the effect of a therapeutic intervention on lower extremity function. Such objective documentation at preset intervals may also help to justify related medical costs. Highly technical methods of studying gait to derive quantitative data have been proposed. Photography, 1 force-sensitive walkways, 2 telemetry, 3 and computer interfaces 4 are a few examples of technical advances designed to measure components of gait. These methods have various limitations in terms of cost, type of data produced, space requirements, and professional time and training needed to use the assessment tool effectively.
The Krusen limb load monitor (LLM) may remedy attempts to find a clinically feasible gait assessment tool by minimizing the potential drawbacks of present methods. The LLM was developed to provide patients with a proportional auditory signal correlated to the amount of weight placed on the lower extremity and can be used to assist amputees to shift increasing weight onto a prosthesis. 5 The LLM consists of a pressure transducer that may be worn within a shoe and a control box worn on the patient's waist. Output from the LLM provides auditory feedback as weight exceeding a predetermined threshold is sensed. The LLM has been used successfully to teach symmetrical standing to stroke patients and proper limb loading during gait training with orthopaedic, neurologic, and amputee patients. 6 An inexpensive, variable potentiometer can be added to the LLM to control the force and time delay components of the feedback tone separately, which supplies the patient with more precise feedback about the force and duration of stance. 7 Besides the clinical use of the LLM for patient treatment, the LLM has recently gained some credence as an assessment tool. The LLM is equipped with an output connection to an oscilloscope or a strip-chart recorder (SCR) to analyze the analog (voltage) signal of the amount of weight exerted on the pressure transducer. When the most secure fitting shoe insert is used, the LLM output recorded on a SCR provides reliable and accurate measurements of the temporal components of a step compared with similar measurements derived from a force platform. 8 The purpose of this study was to assess the LLM's potential as a clinical gait assessment tool by determining the interrater and intrarater reliability of four physical therapists' computations of 11 variables from LLM data on 10 healthy subjects. 
METHOD Subjects
Ten healthy subjects, 7 women and 3 men, between the ages of 21 to 28 years and without lower extremity pathology were used to generate data for this study. All subjects wore shoes with heel heights of 3.2 cm (1.25 in) or less. Written informed consent was obtained from all subjects before their participation in the study.
Ambulation Data
A dual channel LLM* (Model 101) was attached to the subject's waist. Each subject was fitted with the largest LLM shoe insert that could lie securely in each shoe. The LLM output was led to a Gould brush 200 pen writer † to record the LLM outputs from each lower extremity. Standard paper speed for recording each gait pattern was 50 mm per second (20 ms per mm). The LLM and the pen writer were calibrated before data collection for each subject. Unilateral weightbearing measurements for each lower extremity were recorded on the SCR, first in a static position while the subject stood on one leg to determine 100 percent body weight and second, during ambulation. An event marker output, which was manually operated by an investigator, was led to a third channel of the SCR and used to signal when each subject passed over each distance marker.
Subjects performed three practice trials by ambulating at their natural cadences over a 9.1-m (30-ft) level walkway that contained distance markers at 0 m, 1.5 m, 7.6 m, and 9.1 m (0 ft, 5 ft, 25 ft, and 30 ft). The average time for each subject to ambulate from the 1.5-m (5-ft) marker to the 7.6-m (25-ft) marker on the walkway was computed from the SCR for three trials. The additional 1.5 m (5 ft) at the beginning and end of the walkway minimized any acceleration and deceleration stride changes. During actual data collection, subjects were required to complete one ambulation trial to within 0.5 second of their average practice ambulation times. Only data collected when the subjects were between the 1.5-m (5-ft) marker and the 7.6-m (25-ft) marker on the 9.1-m (30-ft) walkway were used for analysis.
Raters
At the end of data collection, four physical therapists participated as raters in analyzing the LLM output components of both the individual steps and overall gait patterns of the 10 subjects. All of the raters were experienced physical therapists with no previous familiarity with the LLM gait computations.
The raters first attended a practice workshop to learn how to analyze individual steps. The raters received written and verbal instructions for computing three temporal and two loading (force) components of the step data. The analog signals for the LLM that generated such data are depicted in Figure 1 . The three time measurements: time up (TU), time second peak (TD), and stance time (ST) represent the time from heel strike to the first peak, second peak, and toe off, respectively. The loading components consisted of the maximum forces recorded at the first peak (FP) and second (SP) peaks expressed as a percentage of the subject's total body weight (100% weight bearing). Unlike Figure 1 , the SCR printout paper is divided into millimeter partitions. By counting the partitions between designated landmarks, the raters computed the temporal and loading aspects of each individual step. Raters were instructed to round off all values to the nearest millimeter.
Each rater then attended three subsequent sessions to analyze the step data. The raters computed the temporal and loading component from photocopies of one randomly drawn step from each of the 10 subjects. The 10 steps were presented to the raters in random order during the three analysis sessions.
Next, the raters attended a practice session to learn how to analyze six components of the overall gait pattern. Written and verbal instructions were again presented. The six gait measurements were 1) ambulation time (T t ); 2) velocity (V); 3) cadence (C); 4) average swing phase duration of the left lower extremity (SWP 1 ); 5) average swing phase duration of the right lower extremity (SWP r ); and 6) ratio of unilateral weight bearing, right lower extremity to left lower extremity (R r:1 ).
To compute ambulation time (defined as the number of seconds the subject took to ambulate 6.1 m [20 ft]), the raters counted the number of millimeters on the SCR record between the starting point and the ending point of data collection. The formula used to compute T t was T t = number of mm from 1.5 m to 7.6 m 50 mm/sec (paper speed)
Velocity, defined as the total ambulation distance traversed divided by the time necessary to complete the distance, was computed by use of the following formula:
Cadence, defined as the number of steps taken each minute, was computed by use of the following formula: C = number of steps x 60 sec/min T t (3)
In the event that only a portion of a step was completed when the data collection period ended, raters were instructed to express the step as a fraction. The numerator represented the number of millimeters in the step actually included in the data collection. The denominator represented the number of millimeters in the entire step. The average duration of swing phase on the left lower extremity and the right lower extremity was determined by counting the number of millimeters on the printout between toe off and initial contact at heel strike for each lower extremity. The SWP 1 was computed by use of the following formula:
The same formula was used to compute SWP r , using data pertaining to the right lower extremity.
The R r:1 , defined as the ratio between the number of seconds the right lower extremity is in unilateral weight bearing versus the number of seconds the left lower extremity is in unilateral weight bearing, was computed by use of the following formula:
The raters analyzed photocopies of all 10 SCR records in random order during three subsequent sessions. The SCR records were rounded to the nearest millimeter in reducing data. We used calculators to compute the six gait measurements from the formulas provided.
Data Analysis
The analysis of the triplicate LLM determinations obtained by the four raters on the 10 subjects is summarized for the five step components and six overall gait measurements. A two-factor (subjects and raters) analysis of variance model was used to analyze the measurements. 9 A variance compo- nent model was formulated in which the factors in the model corresponded to the sources of variability (variance components) to be estimated. The four variance components were 1) variability between subjects (S), 2) variability between raters (R), 3) variability of subject by rater combinations (SR), and 4) variability of the triplicate determinations within each subject by rater combination (T[SR]). The intraclass correlation coefficient (ICC) was used as a measure of association between the average of the triplicate determinations of a rater obtained on a subject with the average of the triplicate determinations of a second rater on the same subject. The estimated ICC was obtained by taking the ratio of the estimated subject variance component to the sum of all the estimated variance components. 10 Reliable measurements, as suggested by Shrout and Fleiss, are those for which the subject variance component is dominant over the other variance components (ie, greater than 50%). 10 The results are summarized in terms of the estimated variance components. Significance testing, using an F-ratio statistic, indicates which of the subject, rater, or subject by rater variance components were significantly different from zero. The abbreviations used for the five step measurements, the six gait measurements, and the four variance components are summarized in the Appendix. Tables 1 and 2 contain the summary analysis for the step and gait measurements, respectively. The overall mean of each measurement is presented along with the estimated standard deviation of the particular variance component.
RESULTS

Step Measurements
The summary analysis for the step component measurements is presented in Table 1 . The estimated standard deviation for each of the subject variance components was significantly (p < .01) greater than zero, indicating significant subject (S) variability, for all five step measurements. Significant (p < .01) rater (R) variability occurred for the ST and TU measurements; ST, TU, and TD measurements had significant (p < .01) subject by rater (SR) variability.
The estimated ICC for the five step measurements (Tab. 3) ranged from r = .861 for TU to r = .995 for FP. The largest percentage of total variability was attributed to the subject variance component (Fig. 2) . Therefore, the five step measurements were indicative of reliable measurements. 
Gait Measurements
The summary analysis for the gait measurements is presented in Table 2 . The estimated standard deviation for each of the subject variance components was significantly (p < .01) greater than zero, indicating significant subject variability for the six gait measurements. Rater variability was significant for the SWP 1 measurement (p < .01); four of the six gait measurements (C, SWP r , SWP 1 and R r:1 ) had significant subject by rater variability (p < .01). Table 3 presents the estimated ICC for the six gait measurements. The estimated ICC ranged from r = .475 for SWP r to r = .998 for V. The estimated ICC for SWP 1 (r = .475) indicates that it was not a reliable measurement because the subject variability was dominated by the other sources of variability. The percentage of total variability attributed to each variance component for each of the six gait measurements is shown in Figure 3 .
DISCUSSION
The purpose of this study was to determine interrater and intrarater reliability for four physical therapists' computations of 11 variables from the LLM data to evaluate the LLM's potential as a clinical gait assessment tool. The results of this study unquestionably portray a high degree of interrater and intrarater reliability for all five of the LLM step variables and for T t , V, and C from the LLM gait variables.
Statistical analysis of the LLM step and gait variables did not yield an exact ICC value to use as a guideline for classifying a variable as sufficiently reliable to serve as a clinical tool. But surely the step variables and the gait variables T t and V (with the large percentages of between-subject variability and small percentages of between-rater [rater and subject by rater] and within-rater [triplicate] variability associated with these results) can-be regarded as highly reliable. Clinicians may safely accept the ICC of r = .831 for C as a highly reliable estimation because approximately 75 percent of the variability associated with C was because of between-subject variability; the remaining 25 percent of the variability was almost equally split within-raters and between-raters. A possible source of rater variability appears from a review of one rater's measurements that suggested a misinterpretation of instructions about strip-chart measurements. Another source of nonagreement between-raters and within-raters may have arisen from computational errors. A post hoc review of the raters' worksheets confirmed that such errors occasionally occurred.
The gait variables with the smallest ICC and the greatest interrater variability (C, SWP 1 , SWP r , and R r:1 ) are dependent on each other for accurate computation. Computing SWP 1 and SWP r requires using the number of steps taken on each lower extremity previously determined for the variable C. An error in counting the correct number of steps taken on each lower extremity could, therefore, negatively influence rater agreement for SWP 1 and SWP r . Interestingly, the results suggest that interrater and intrarater reliability are higher for the variable R r:1 than SWP 1 and SWP r ; these swing phase variables are the less reliable components of R r:1 . Apparently any discrepancy involved in determining the values of SWP 1 and SWP r to compute R r:1 had a canceling effect on each other when used in conjunction to form a ratio of the two values.
Raters were more reliable within themselves than between themselves for determining SWP 1 , SWP r , and R r:1 . From a clinical perspective, use of the same physical therapist to compute the gait variables for a subject eliminates a major source of variability (rater and subject by rater) and thus ensures greater reliability of results.
Other possible explanations for greater variability associated with the results of SWP 1 , SWP r , and R r:1 include the quality of photocopied strips presented to the raters or the misinterpretation of the directions and demonstrations provided for the raters. Portions of the strips photocopied had varying degrees of legibility and possibly obliterated the exact location of designated landmarks. Photocopying a patient's LLM data Essential considerations for selecting the proper clinical gait recording technique have been outlined. 11 The LLM gait recordings require only careful personnel and take about 15 minutes to complete. Familiarity with the procedures for computing the LLM variables substantially reduces the time necessary to calculate the variables. In the present study, the clinicians initially averaged about 6 minutes to compute the LLM data for one step and 16 minutes to complete one LLM gait data record. By the third rating session, clinicians required an average of 2 minutes to compute the variables for one step and 13 minutes to compute the LLM gait variables.
The LLM apparatus is lightweight and the leads from the shoe inserts to the pen recorder do not appear to influence the subject's walking performance. Bilateral or unilateral permanent gait recordings can be made. The cost of the LLM and variously sized shoe inserts is relatively inexpensive compared with other gait assessment equipment providing similar gait information. 8 Equipment readily available in most hospitals, such as a single channel EKG machine, or a strip-chart recorder can be used to record the LLM data.
CONCLUSION
We believe that the LLM provides a rapid, easily operated, objective, qualitative impression of healthy subjects' gait patterns. Interrater and intrarater reliability is very dependable for individual step time (ST, TU, and TD), and force variables (FP and SP) and the overall gait variables (T t , V, and C). Additional studies with various patient groups and pathological gaits need to be conducted to establish the clinical utility of this device.
APPENDIX Abbreviations Used for the Step Component Measurements, Gait Measurements, and Variance Components
Step Component Measurements ST TU TD FP SP Stance time, from heel strike to toe off Time up, from heel strike to peak of vertical force at heel strike Time second peak, from heel strike to peak of vertical force at push off First peak, from baseline to peak at heel strike Second peak, from baseline to peak at push off Gait Measurements 
